Abstract-Interior Permanent Magnet Synchronous Motors (IPMSM) are generally driven by the current control based on the vector control system. However, there exist harmonic components in the current control loop. For the harmonic current, suppression control methods using a repetitive control have been proposed. In the conventional repetitive control, the amount of memory for implementation has not been considered explicitly. Furthermore, the control parameters determined in our earlier works does not ensure an optimality. In this paper, we propose a new control method of suppressing the harmonic current using the generalized repetitive control. Compared with the conventional method, the proposed method achieves better control performance while considering the amount of memory. The effectiveness of the proposed method is verified through simulations and experiments.
I. INTRODUCTION
In recent years, IPMSMs (Interior Permanent Magnet Synchronous Motor) have been widely used in industrial applications and home electric appliances since they have advantages of higher efficiency, higher power factor and higher power density than dc motors and induction motors. The IPMSMs are generally driven by the vector control [1] based on the current control which is implemented by inverters. However, in spite of using the vector control scheme, we can observe harmonic components in the current control induced by various reasons such as a dead time of PWM inverters, an offset of current sensors, or unbalanced three-phase windings. Such a harmonic current causes vibration around the motor and deteriorates control performance. Especially, the rotor position is not estimated accurately when driven by the sensorless control [2] . Therefore, the harmonics should be removed for better performance.
For the problem, a simultaneous suppression technique of all harmonic current components using the repetitive control has been proposed [3] . In the method, each amplitude and phase for each compensation signal is searched online so that its corresponding harmonic current can be effectively suppressed. Not only for the harmonic current, but also for the frame vibration of motors, experimental results have been demonstrated using the repetitive control [4] , [5] , [6] , [7] , [8] . However, the amount of memory for implementation has not been considered explicitly in the method using the conventional repetitive control methods. Furthermore, the amplitude and phase of the compensation signal in our earlier studies are determined by a parameters search algorithm [7] . In the algorithm, the optimality is not ensured though effective parameters are provided.
For the problem above, a generalized repetitive control has been proposed [10] , [9] . In the works, both the amount of memory and control performance of the control system have been considered. The repetitive controller is realized by an FIR filter given as a solution of the related convex optimization problem. The effectiveness of generalized repetitive control has been also verified by simulation [10] . Furthermore, the method experimentally demonstrates the effectiveness by applying a generalized repetitive controller design approach to reduce the error motion of the spindle's axis of rotation on an active air bearing setup [11] .
In this paper, we propose a new control method of suppressing a harmonic current with the help of the generalized repetitive control. In the proposed method, receiving the difference between the reference and output, a generalized repetitive controller yields the compensation signal so that the harmonic current is canceled. Compared with the conventional methods, the proposed method achieves better control performance while reducing the amount of memory. The effectiveness of the proposed method is demonstrated through simulations and experiments.
The rest of this paper is organized as follows. Section 2 reviews the generalized repetitive control system and a typical current control system of the IPMSM. Section 3 describes a suppression method of the harmonic current using the generalized repetitive control. Simulations and experimental results are demonstrated in Section 4. Section 5 concludes this paper.
II. PRELIMINARIES
A. Generalized repetitive control [10] This section reviews the generalized repetitive control [10] and a current control system of the IPMSM.
The configuration of the control system including a generalized repetitive controller K RC (z) is shown in Fig. 1 . As shown in Fig. 2 , K RC (z) is composed of an FIR filter X(z) designed by taking into account a trade-off of control performance described later and a compensator L(z) to stabilize the nominal closed-loop system.
In the case that K RC (z) is absent in Fig. 1 , i.e. in the standard control system, we can obtain the sensitivity function
and the complementary sensitivity
in the standard sense.
In the presence of K RC (z) in Fig. 1 , let us define a sensitivity modifying function [10] 
Then, the sensitivity function S(z) in the generalized repetitive control system shown in Fig. 1 is given by
In order to reduce the influence of the periodic disturbance in the closed loop system, the repetitive controller K RC (z), which minimizes the gain around frequency to be suppressed, is designed. However, in general, minimizing |M s (z)| around the frequency causes increase of |M s (z)| in other frequency. In other words, there exists a trade-off between the reduction performance of the periodic disturbance and the tracking performance for the nonperiodic reference. In [10] , the two control performance indices γ p,Δ and γ np in the closed loop system are introduced in order to consider the trade-off. The former performance index, γ p,Δ , is associated with the closedloop periodic performance such as the reduction performance of the periodic disturbance. The smaller the index is, the better the reduction performance is. Formally, the index is defined
where L is the finite set of some positive integers corresponding to harmonics to be suppressed, Ω l (l ∈ L) is the band of frequency variation with the center of lω o (l ∈ L), Δ > 0 is the maximal value of the frequency variation rate, and V l (l ∈ L) is the weight. Now, another performance index, γ np , quantifies the closedloop nonperiodic performance such as the tracking performance for the nonperiodic reference. Similarly, the nonperiodic performance improves as γ np is small. Formally, γ np is defined as
Therefore, it is preferable that the controller K RC (z) is designed so that both γ p,Δ and γ np are small. Note that, from Fig. 2 , we can rewrite
Then Eq. (1) can be rewritten as
In Fig. 2 , L(z) is the stabilizing compensator and typically given as
As a result, the FIR filter X(z) is designed based on the two control performance indices γ p,Δ and γ np . The indices are represented with the use of the sensitivity function and complementary sensitivity function in the closed-loop system. The design of X(z) is equivalent to determining the filter coefficients X k to obtain the desired frequency response. Determining the optimal filter coefficients X k * (k = τ, ..., K) is reduced to the following optimization problem which takes into account the trade-off using the two performance indices γ p,Δ and γ np .
where α is a user-specified optimization weight, ε > 0 is a small tolerance, ω ε is the maximum frequency over which the closed-loop system is not affected by K RC (z), and Δ is the maximal value of the variation rate of frequency to be suppressed. Fig. 3 illustrates an example [10] of M s (ω) to capture the basic concept of the generalized repetitive control. 
B. Current control system for IPMSM
Generally, the vector control [1] to drive an IPMSM is based on a decoupling control of current in the d-q axes so that the required torque is produced using the maximum torque control. Despite of the configuration of the control system, the control loop still contains harmonic components caused by various reasons. For example, the dead-time in the inverter and harmonics of the PM flux in the air gap causes the 6th harmonics in the electrical angle in the d-q coordinate, and the dc offset or gain unbalance of current sensors causes the 1st or 2nd harmonics, respectively. Fig. 4 shows an FFT analysis of current response in the steady state. Due to the current and voltage harmonic components, the desirable performance cannot be retained any longer. Especially, the rotor position is not estimated well when driven by the sensorless control system [3] .
III. HARMONIC CURRENT SUPPRESSION CONTROL USING GENERALIZED REPETITIVE CONTROL
In this section, we describe a suppression method of the harmonic current mentioned in the previous section.
In our setting, P (z) shown in Fig. 1 is the discrete-time rep- a linear discrete time transfer function. Receiving the error e between q-axis current reference r and q-axis current y, K RC (z) yields the compensation signal so that the harmonic current d is canceled.
IV. SIMULATIONS AND EXPERIMENTAL RESULTS
In this section, we demonstrate simulations and experiments in order to verify the effectiveness of the proposed method.
A. Simulation results
The parameters for simulation are R = 0.242 [Ω] and L q = 6.42 [mH] , and the driving frequency is f = 10 [Hz]. The nominal K o (z) is a PI controller. The harmonic current d is given as an additional disturbance according to the driving frequency.
In designing K RC (z), the order of X(z) is set as 200. We consider only the 6f harmonic component to verify the effectiveness of the proposed method, that is, L = {1} and V 1 = 1. In Eqs. (9) to (12), set α = 1.4 and ω ε = 500, then we obtain the optimal coefficients of X(z), X * k with γ p,Δ = 8.0398 × 10 −11 and γ np = 1.1536. The frequency response of M s (z) obtained by using X * k is shown in Fig. 5 . From Fig. 5 , it can be seen that the considerably low gain characteristic can be achieved at the specified frequency, 60 [Hz].
Figs. 6 and 7 show the FFT analysis of the simulation result of the q-axis current without and with the proposed method, respectively. From Fig. 6 and 7 , it can be observed that the harmonic current is suppressed effectively. 
B. Experimental results
We verify the effectiveness of the proposed method for various parameters such as the order of X(z) and α in Eq. (9) . All procedures, including the generalized repetitive control and current control, are executed in DSP (TMS320C6713-225) produced by Myway Corporation.
The motor parameters for experiments are
. Table I lists the combination of parameters for design of X(z). Each M s (ω) obtained under its corresponding condition in Table I is shown in Figs. 8 to 10 . The FFT analysis of q-axis current before applying the proposed method is the same as shown in Fig. 4 . Each FFT analysis of experiment corresponding to the conditions 1 to 3 is shown in Figs. 11 to 13, respectively.
In Figs. 11 to 13, it can be observed that the harmonic current is suppressed effectively. Quantitatively, the suppression rates are 0.95, 0.77 and 0.99 for the conditions 1 to 3 in Table I , respectively.
Let us compare Fig. 11 with Fig. 13 . The suppression rate is almost same. However, other harmonics, for example, 120 [Hz] Table I . Table I . Table I. corresponding to 12f is excited in Fig. 13 since the order of X(z) of the condition 3 is less than that of the condition 1.
Next, let us see the conditions 2 and 3 in Table I . In both the cases, the order of X(z) is shared. Note that γ p,Δ , which contributes to reduction of the periodic disturbance, in the condition 3 is much less than that in the condition 2. Due to the fact, the suppression performance for the condition 3 is better than that for the condition 2. This can be also observed from Figs. 12 and 13 corresponding to the conditions 2 and 3, respectively.
Fig. 14 shows the suppression result for the two harmonics, i.e., 6f = 60 and 12f = 120 [Hz]. From Fig. 14 , we can confirm that the proposed control method can suppress multiple harmonics.
Subsequently, let us investigate the effectiveness of Δ. The setting parameters for design of X(z) are listed in Table II . Each M s (ω) for each condition in Table II is shown in Fig. 15 . Figs. 16 and 17 show the results for the conditions 5 and 6, respectively. The result shown in Fig. 16 (cond. 5) is almost the same show in Fig. 11 (cond. 1) . The suppression rate of 6f component shown in Fig. 17 (cond. 6 ) is inferior to that of the result shown in Fig. 16 (cond. 5) . This is because, setting Δ = 0.1 in the condition 6 results in a larger γ p,Δ at the expense of wide frequency variation.
Let us examine the effectiveness for a different frequency. The motor driving frequency varies in some application. Therefore, it is desirable that the system incorporating the repetitive controller is robust against such a variation. Fig. 18 shows the FFT analysis of q-axis current at f = 11 [Hz] . In Fig. 18 , the similar harmonics is observed as shown in Thus, the harmonics suppression effect is expected whenever the driving frequency varies in f ± 0.1f .
Finally, let us compare the proposed method in Fig. 14 with the conventional method [7] in Fig. 21 . The condition of the conventional method is in common with condition 4 in the sense of the number of memories. In Fig. 14 and Fig. 21 , it can be observed that the proposed method suppresses multiple harmonics effectively than the conventional method.
V. CONCLUSION
This paper discussed harmonic current suppression in the vector control for IPMSMs. In the general vector control, harmonic current with frequency of 6nf (n = 1, 2, . . .), where f is a driving frequency, appears. The harmonic current is to be removed to improve the control performance. Then, we proposed a harmonic current suppression method with the help of the generalized repetitive control. One of features of the proposed method is in that the number of memories for implementation can be explicitly considered, and the trade-off between the suppression effect and steady state performance can be balanced. The effectiveness of the proposed method is verified by simulations and experiments.
Synthesizing the generalized repetitive controller for variable velocity remains as a future work.
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